Our recent studies of the microRNA (miRNA) expression signature in prostate cancer (PCa) indicated that miRNA-218 (miR-218) was significantly downregulated in clinical specimens, suggesting that miR-218 might act as a tumor-suppressive miRNA in PCa. The aim of the present study was to investigate the functional significance of miR-218 in PCa and to identify novel miR-218-regulated cancer pathways and target genes involved in PCa oncogenesis and metastasis. Restoration of miR-218 in PCa cell lines (PC3 and DU145) revealed that this miRNA significantly inhibited cancer cell migration and invasion. Gene expression data and in silico analysis demonstrated that LIM and SH3 protein 1 (LASP1) is a potential target of miR-218 regulation. LASP1 is a cytoskeletal scaffold protein that plays critical roles in cytoskeletal organization and cell migration. Luciferase reporter assays showed that miR-218 directly regulated expression of LASP1. Moreover, downregulating the LASP1 gene significantly inhibited cell migration and invasion in cancer cells, and the expression of LASP1 was upregulated in cancer tissues. We conclude that loss of tumor-suppressive miR-218 enhanced cancer cell migration and invasion in PCa through direct regulation of LASP1. Our data on pathways regulated by tumor-suppressive miR-218 provide new insight into the potential mechanisms of PCa oncogenesis and metastasis.
Our recent studies of the microRNA (miRNA) expression signature in prostate cancer (PCa) indicated that miRNA-218 (miR-218) was significantly downregulated in clinical specimens, suggesting that miR-218 might act as a tumor-suppressive miRNA in PCa. The aim of the present study was to investigate the functional significance of miR-218 in PCa and to identify novel miR-218-regulated cancer pathways and target genes involved in PCa oncogenesis and metastasis. Restoration of miR-218 in PCa cell lines (PC3 and DU145) revealed that this miRNA significantly inhibited cancer cell migration and invasion. Gene expression data and in silico analysis demonstrated that LIM and SH3 protein 1 (LASP1) is a potential target of miR-218 regulation. LASP1 is a cytoskeletal scaffold protein that plays critical roles in cytoskeletal organization and cell migration. Luciferase reporter assays showed that miR-218 directly regulated expression of LASP1. Moreover, downregulating the LASP1 gene significantly inhibited cell migration and invasion in cancer cells, and the expression of LASP1 was upregulated in cancer tissues. We conclude that loss of tumor-suppressive miR-218 enhanced cancer cell migration and invasion in PCa through direct regulation of LASP1. Our data on pathways regulated by tumor-suppressive miR-218 provide new insight into the potential mechanisms of PCa oncogenesis and metastasis. P rostate cancer (PCa) is the most frequently diagnosed cancer and the second leading cause of cancer death among men in developed countries. (1) Most patients are initially responsive to androgen-deprivation therapy (ADT), but their cancers eventually become resistant to ADT and progress to castration-resistant prostate cancer (CRPC). CRPC is difficult to treat, and most clinical trials for advanced PCa have shown limited benefits, with disease progression and metastasis to the skeleton or other sites. (2, 3) Therefore, understanding the molecular mechanisms of CRPC and the metastatic pathways underlying PCa using genomic approaches would help to prevent and improve therapies for the disease.
The discovery of non-coding RNAs (ncRNAs) in the human genome was an important conceptual breakthrough in the post-genome sequencing era. (4) Improved understanding of ncRNAs is necessary for continued progress in cancer research. MicroRNAs (miRNAs) are endogenous small ncRNA molecules (19) (20) (21) (22) bases in length) that regulate the expression of protein-coding genes by repressing translation or cleaving RNA transcripts in a sequence-specific manner. (5) Currently, 2578 human mature miRNAs are registered at miRBase release 20.0 (http://microrna.sanger.ac.uk/). miRNAs are unique in their ability to regulate multiple protein-coding genes. Bioinformatic predictions indicate that miRNAs regulate >30-60% of the protein-coding genes in the human genome. (6, 7) A significant amount of evidence suggests that miRNAs are aberrantly expressed in many human cancers and that they play significant roles in the initiation, development and metastasis of those cancers. (8, 9) Some highly expressed miRNAs can function as oncogenes by repressing tumor suppressors, whereas low-level miRNAs can function as tumor suppressors by negatively regulating oncogenes. It is believed that normal regulatory mechanisms can be disrupted by the aberrant expression of tumor-suppressive or oncogenic miRNAs in cancer cells. Therefore, identification of aberrantly expressed miRNAs is an important first step toward elucidating miRNAmediated oncogenic pathways.
Based on the foregoing discussion, we have constructed miR-NA expression signatures using PCa clinical specimens and investigated the roles of miRNAs in PCa oncogenesis using differentially expressed miRNAs. (10) Recently, we demonstrated that several miRNAs were downregulated in cancer tissues and that miR-1, miR-133a, miR-143 and miR-145 functioned as tumor suppressors by targeting several oncogenic genes.
was to investigate the functional significance of miR-218 in cancer cells and to identify novel miR-218-regulated genes that contributed to PCa oncogenesis and metastasis.
We found that restoration of mature miR-218 inhibited cancer cell migration and invasion, directly targeting LIM and SH3 protein 1 (LASP1). Downregulating the LASP1 significantly inhibited cell migration and invasion by cancer cells. Furthermore, LASP1-regulated novel molecular pathways were investigated through the use of si-LASP1-treated cells. Tumorsuppressive miR-218-LASP1-mediated cancer pathways might provide new insights into the potential mechanisms of PCa oncogenesis and metastasis.
Materials and Methods
Clinical prostate specimens. Seventeen radical prostatectomy specimens were obtained from patients with PCa who underwent treatment at Chiba University Hospital (Chiba, Japan) from 2009 to 2013. Seventeen paired samples of PCa and corresponding normal tissues were used for the present study. The samples considered normal were free of cancer cells as determined by pathologic examination. The patients' backgrounds and clinico-pathological characteristics are summarized in Table 1 . Before tissue collection, all patients provided written informed consent of tissue donation for research purposes. The protocol was approved by the Institutional Review Board of Chiba University.
Cell culture and RNA extraction. PC3 and DU145 cells, human PCa cells obtained from the American Type Culture Collection (Manassas, VA, USA), were maintained in RPMI-1640 medium supplemented with 10% FBS in a humidified atmosphere of 5% CO 2 and 95% air at 37°C.
Total RNA was isolated from formalin-fixed paraffin-embedded (FFPE) samples with four 5-lm thick slices, using the miRNeasy FFPE Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. RNA quality was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Quantitative real-time RT-PCR. The procedure for PCR quantification was described as previously. (11) (12) (13) The TaqMan probes and primers for LASP1 Transfections with mature microRNA and siRNA. The following mature miRNA species were used in the present study: mature miRNA, Pre-miR miRNA Precursor (has-miR-218; P ⁄ N: AM17100 [Applied Biosystems]). The following siRNAs were used: Stealth Select RNAi siRNA, si-LASP1 (P ⁄ N: HSS105970 [Invitrogen, Carlsbad, CA, USA]) and negative control miRNA ⁄ siRNA (P ⁄ N: AM17111 [Applied Biosystems]). RNAs were incubated with OPTI-MEM (Invitrogen) and Lipofectamine RNAiMax reagent (Invitrogen) as described previously. The transfection efficiencies of miRNA in PC3 and DU145 cells were confirmed based on downregulation of TWF1 (PTK9) mRNA following transfection with miR-1 as previously reported. (13) Cell proliferation, migration and invasion assays. Cells were transfected with 10 nM miRNA or siRNA by reverse transfection and plated in 96-well plates at 3 9 10 3 cells per well. After 72 h, cell proliferation was determined with the XTT assay using a Cell Proliferation Kit II (Roche Molecular Biochemicals, Mannheim, Germany) as previously reported. (14, 15) Cell migration was evaluated with a wound healing assay. Cells were plated in 6-well plates, and the cell monolayers were scraped using a P-20 micropipette tip. The initial gap length (0 h) and the residual gap length 24 h after wounding were calculated from photomicrographs.
A cell invasion assay was carried out using modified Boyden chambers containing Transwell membrane filter inserts (precoated with Matrigel) with 8 lm pores in 24-well tissue culture plates (BD Biosciences, Bedford, MA, USA) at 2 9 10 5 cells per well. Cells were transfected with 10 nM miRNA or siRNA by reverse transfection and plated in 10-cm dishes at 8 9 10 5 cells per dish. After 48 h, the cells were collected, and 2 9 10 5 cells were added to the upper chamber of each migration well.
Cells were allowed to invade for 48 h. After gentle removal of the non-migratory cells from the filter surface of the upper chamber, the cells that invaded into the lower chamber were fixed and stained with Diff-Quick (Sysmex Corporation, Kobe, Japan). The number of cells that migrated to the lower surface was determined microscopically by counting four areas of constant size per well. All experiments were performed in triplicate.
Western blotting. Cells were harvested 72 h after transfection, and lysates were prepared. 50 lg protein lysates were separated on Mini-PROTEAN TGX Gels (Bio-Rad, Hercules, CA, USA) and transferred to PVDF membranes. Immunoblotting was performed with mouse anti-LASP1 antibodies (1:250; HSA012072 [Sigma-Aldrich, St Louis, MO, USA]); anti-GAP-DH antibodies (1:1000; ab8245 [Abcam, Cambridge, UK]) were used as an internal loading control.
Screening of miR-218 and LASP1 target genes using in silico analysis and gene expression data. Genes regulated by miR-218 were listed using the TargetScan database as described previously. (14, 15) To investigate the expression status of candidate miR-218-target genes in PCa clinical specimens, we examined gene expression profiles in the Gene Expression Omnibus (GEO) database (accession number: GSE29079). In addition, we performed gene expression analysis using miR-218-transfected PC3 cells and si-LASP1-transfected PC3 cells compared to control transfection cells. Oligo-microarray Human 60K (Agilent Technologies) was used for gene expression studies. Microarray procedures and data mining methods were as described previously. (14, 15) Molecular pathway analysis using Kyoto Encyclopedia of Genes and Genomes pathways. To identify molecular signaling pathways regulated by miR-218 or LASP1 in PCa cells, in silico and gene expression data were adapted to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways categories by the GENECODIS program (http://genecodis.dacya.ucm.es). The strategy of the analysis procedure was described previously. 
(Invitrogen)
. The activities of firefly and Renilla luciferases in cell lysates were determined with a dual-luciferase assay system (E1910 [Promega]). Normalized data were calculated as the ratio of Renilla ⁄ firefly luciferase activities. Immunohistochemistry. A total of 17 radical prostatectomy specimens were used (Table 1) . Tissue specimens were immunostained following the manufacturer's protocol with the UltraVision Detection System (Thermo Scientific, Fremont, CA, USA). Primary rabbit polyclonal antibodies against LASP1 (Sigma-Aldrich) were diluted 1:500. The slides were treated with biotinylated goat antibodies.
Statistical analysis. The relationships between two groups and the numerical values obtained by real-time RT-PCR were analyzed using the paired t-test. The relationship among three variables and numerical values was analyzed using the Bonferroni-adjusted Mann-Whitney U-test. All analyses were performed using Expert StatView software (version 4; SAS Institute, Cary, NC, USA).
Results
Expression levels of miR-218 in prostate cancer specimens and cell lines. To validate our past miRNA profiling results, we evaluated the expression levels of miR-218 in 17 radical prostatectomy specimens. Quantitative stem-loop RT-PCR demonstrated that miR-218 expression was significantly lower in clinical PCa specimens and PCa cell lines (PC3 and DU145) compared with non-cancerous specimens (Fig. 1) . The typical FFPE specimens used for expression analysis in this study are shown in Fig. S1 .
Effects of restoring miR-218 on cell proliferation, migration and invasion activities in prostate cancer cell lines. To investigate the functional effects of miR-218, we performed gain-offunction studies using miRNA transfection of PC3 and DU145 cell lines.
The XTT assay demonstrated that cell proliferation was not inhibited in miR-218 transfectants in comparison with the mock or miR-control transfectant cells (Fig. 2a) .
The Matrigel invasion assay demonstrated that cell invasion activity was significantly inhibited in miR-218 transfectants in comparison with the mock or miR-control transfectant cells (Fig. 2b) .
The migration assay demonstrated that cell migration activity was significantly inhibited in miR-218 transfectants in comparison with the mock or miR-control transfectant cells (Fig. 2c) . Identification of candidate genes targeted by miR-218. To gain further insight into the genes affected by miR-218, we analyzed a combination of in silico and gene expression data from PCa clinical specimens. First, we screened miR-218-targeted genes using the TargetScan database and identified 2940 genes. Next, we pared down the 2940 genes based on two kinds of gene expression data as follows: (i) upregulated genes determined by the gene expression dataset of PCa clinical specimens in GEO (accession number: GSE29079); and (ii) downregulated genes (log 2 ratio < À1.5) following miR-218 transfection of PC3 cells.
In this selection, we narrowed down the miR-218 target genes for the analysis from 40 genes ( Table 2) . Five genes (TPD52, ICK, ZHX3, LASP1 and VSIG10) were selected when we paid attention to the numbers of putative target sites of miR-218. Considering which genes are contributing to cancer cell migration and invasion among these five genes, we paid attention to cytoskeleton-regulated genes for control of cancer metastasis according to our previous studies. (13, 14) As a result of miR-218 target genes, we focused on the LIM and SH3 protein 1 (LASP1) gene, a cytoskeletal scaffold protein that has critical roles in cytoskeletal organization and cell migration. LASP1 was examined in further analyses.
LASP1 was a direct target of miR-218 in prostate cells. We performed quantitative real-time RT-PCR and western blotting in PC3 and DU145 cells to investigate whether LASP1 gene expression and LASP1 protein expression were reduced by restoration of miR-218. The mRNA and protein expression levels of LASP1 ⁄ LASP1 were significantly repressed in miR-218 transfectants in comparison with mock or miR-control transfectants (Fig. 3a,b) .
We performed luciferase reporter assays of PC3 to determine whether LASP1 mRNA had target sites for miR-218. The TargetScan database predicted that three putative miR-218-binding sites existed in the 3 0 -UTR of LASP1 (positions 686-692, 1587-1593 and 2080-2087 [ Fig. 3c]) . We used vectors encoding either the partial wild-type sequence of the 3 0 -UTR of LASP1 mRNA, including the predicted miR-218 target sites, or "deletion" vectors; that is, those lacking the miR-218 target sites. We found that the luminescence intensity was significantly reduced by transfection with miR-218 and two vectors carrying the wild-type 3 0 -UTR of LASP1 (positions 686-692 and 1587-1593), whereas transfection with deletion vectors (where nucleotides at positions 695-691 and 2080-2086 had been removed) blocked the decrease in luminescence (P < 0.001, Fig. 3c ). These data suggest that miR-218 bounds directly to two specific binding sites in the 3 0 -UTR of LASP1 mRNA.
Effects of downregulating LASP1 on cell proliferation, migration and invasion in prostate cancer cell lines. To investigate the functional role of LASP1 in PCa cells, we performed loss-offunction studies using si-LASP1 transfectants. First, we evaluated the knockdown efficiency of si-LASP1 treatments in PC3 and DU145. Quantitative real-time RT-PCR and western blotting indicated that the siRNA effectively downregulated LASP1 ⁄ LASP1 expression in both cell lines (Fig. 4) .
The XTT assay demonstrated that cell proliferation was not inhibited in si-LASP1 transfectants in comparison with the mock or miR-control transfectant cells (Fig. 5a) . The Matrigel invasion assay demonstrated that cell invasion activity was significantly inhibited in si-LASP1 transfectants in comparison with the mock or negative control transfectant cells (Fig. 5b) . The migration assay demonstrated that cell migration activity was significantly inhibited in si-LASP1 transfectants in comparison with the mock or negative control transfectant cells (Fig. 5c ).
Immunohistochemical detection of LASP1 in prostate cancer clinical specimens. We determined the expression levels of LASP1 in PCa specimens by immunohistochemical staining. LASP1 was strongly expressed in several cancer lesions, whereas no or low expression was observed in normal regions (Fig. 6 ). There was no significant correlation between LASP1 expression and various tested clinicopathological parameters (Gleason score and stages, data not shown).
Identification of novel molecular pathways regulated by LASP1
in prostate cancer cells. To investigate molecular pathways regulated by LASP1, a genome-wide gene expression analysis was performed in PC3 cells. A total of 1269 genes were downregulated in si-LASP1 transfection. Downregulated genes, both si-LASP1-transfectants and miR-218-transfectants (top 18 genes), are shown in Table 3 . We also assigned the downregulated genes to KEGG pathways using the GeneCodis program (http://genecodis.cnb.csic.es) as described previously. (12, 15) A total of 21 pathways were identified as significantly enriched annotations (Table 4) . We focused on the focal adhesion pathway and the genes categorized in this pathway are listed in Table 5 .
Discussion
In early stage PCa, most patients initially respond to androgen deprivation therapy; however, many cases become refractory and progress to androgen-independent disease. (2) Currently, there is no effective treatment for hormone-refractory PCa, with disease progression and metastasis to the skeleton or other sites. (3) Thus, new approaches to effective treatments of hormone-refractory PCa are necessary.
In cancer cells, aberrant expression of miRNAs can upset the tightly regulated system of miRNA-protein-coding RNA networks. Therefore, studies of differentially expressed miRNAs in cancer cells provide important information regarding the molecular mechanisms underlying oncogenesis and metastasis. To elucidate the molecular mechanisms underlying PCa, we have examined tumor-suppressive miRNAs, focusing on their regulated molecular targets and novel cancer pathways based on PCa expression signatures. (10) Our recent studies of miRNA expression signatures showed that miR-218 was frequently reduced in other types of cancer tissues and it functioned as a tumor suppressor. (17) (18) (19) Tumor-suppressive functions of miR-218 have been described by other research groups analyzing several types of cancers. (20) (21) (22) (23) (24) (25) Thus, miR-218 is a key molecule in the development of human cancers, making it important to understand the cancer molecular network that miR-218 regulates. The molecular mechanisms of miR-218 silencing in PCa cells are still unclear. The human genome database indicates that miR-218 is located in two different human chromosome loci (miR-218-1 at 4p15.31 and miR-218-2 at 5q35.1), and these miRNAs are embedded in the intronic regions of SLIT2 and SLIT3, respectively. Previous reports showed that expression of SLIT2 and SLIT3 were downregulated in several types of cancer cells through their promoter hypermethylation. (20, 24) Our preliminary examination showed that downregulation of SLIT2 and SLIT3 were observed in primary PCa tissues (Fig. S2) . Furthermore, re-expression of SLIT2 and miR-218 were observed after 5-aza-2 0 -deoxycytidine treatment of PCa cell line (Fig. S3) . Thus, our data and previous studies reveal that promoter hypermethylation of SLIT2 and SLIT3 regions drive PCa progression and downregulation of miR-218 in PCa cells.
To better understand PCa metastasis, we identified miR-218 target genes using in silico analysis. As determined by our laboratory and others, the targets of miR-218 include CAV1, LAMB3, ECOP, IKK-B, PXN, RICTOR, BIRC5 and ROBO1. (17, 18, 20, (22) (23) (24) (25) Here, we focused on LASP1, a cytoskeletal scaffold protein. It plays critical roles in cytoskeletal organization and cell migration. LASP1 was initially identified in a cDNA library constructed from metastasized breast cancer cells. LASP1 encodes a LIM motif at its N-terminus and a src homology 3 (SH3) domain at its C-terminus. (26, 27) The C-terminal SH3 domain of LASP1 functions in protein-protein interactions such as vasodilator-stimulated phosphoprotein, palladin and zyxin. (28) (29) (30) Zyxin might function as a messenger in the signal transduction pathway that mediates adhesion-stimulated changes in gene expression and might also modulate the cytoskeletal organization of actin bundles. (30) (31) (32) In the present study, we performed genome-wide gene expression analysis using si-LASP1 transfectant PC3 cells to investigate LASP1-regulated molecular targets and pathways. Our data showed that zyxin was downregulated in LASP1-suppressed cells. Zyxin is reportedly regulated by TGF-b and contributes to the epithelial-mesenchymal transition. (31, 32) Therefore, it will be important to analyze the molecular mechanisms of LASP1-zyxin signal transduction to better understand the metastasis of human cancer cells.
Overexpression of LASP1 has been reported in metastatic breast and ovarian cancers. (33, 34) Our group showed that LASP1 gene expression was elevated in bladder cancer and that downregulation of the LASP1 gene inhibited cancer cell migration and invasion, (16) suggesting that LASP1 significantly contributes to cancer metastasis. This is the first report to show that overexpression of LASP1 in PCa clinical tissues might be involved in the metastasis of PCa. Our previous analysis of bladder cancer showed that tumor-suppressive miRNAs such as miR-1, miR-133a and miR-218 regulated LASP1. (16) Recent studies demonstrated that LASP1 was regulated by miR-203 in breast cancer and esophageal cancer. (35) (36) (37) Immunohistchemical staining demonstrated that the overexpression of LASP1 was detected in primary PCa tissues compared with non-PCa tissues. We also measured the expression of miR-218 status using the same FFPE tissues whether the downregulation of miR-218 was associated with upregulation of LASP1 in PCa. Our data showed that expression of miR-218 was significantly reduced in LASP1 overexpression PCa tissues in comparison to LASP1 low staining of non-PCa tissues (Fig. S4) . Our data for primary PCa tissues and cell lines might be suggesting that downregulation of miR-218 caused upregulation of LASP1 in PCa cells. Improved understanding of tumor-suppressive miRNAs and their regulation of LASP1 signalling should shed light on PCa metastasis as well as delineate more effective strategies for future therapeutic interventions for this disease.
In conclusion, miR-218 was significantly downregulated in PCa clinical specimens and appeared to function as a tumor suppressor through regulation of oncogenic LASP1. Elucidation of the cancer pathways and target genes regulated by the tumor-suppressive miR-218 should provide new information on potential therapeutic targets in the treatment of PCa metastasis. 
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